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In bullous impetigo, Staphylococcus aureus spreads under
the stratum corneum of skin by elaboration of exfolia-
tive toxin, which hydrolyzes only one peptide bond in a
highly structured calcium-binding domain of desmo-
glein 1, resulting in loss of its function.We investigated
the basis of this exquisite speci¢city. Exfoliative toxin
cannot cleave desmoglein 1 pretreated at 561C or higher
or at low or high pH, suggesting that the proper confor-
mation of desmoglein 1 is critical for its cleavage. Be-
cause cleavage occurs in an area of desmoglein 1
stabilized by calcium, we determined if the conforma-
tion necessary for cleavage is calcium-dependent. De-
pletion of calcium from desmoglein 1 completely
inhibited its cleavage by exfoliative toxin, even after
calcium was added back. A change in conformation of
desmoglein 1 by calcium depletion was shown, with
immuno£uorescence and enzyme-linked immunoassay,
by loss of binding of PF sera, which recognize confor-
mational epitopes. This change in conformation was
con¢rmed by tryptophan £uorometry and circular di-
chroism, and was irreversible with repletion of calcium.
These data suggest that the speci¢city of exfoliative tox-
in cleavage of desmoglein 1 resides not only in simple
amino acid sequences but also in its calcium-dependent
conformation. Key words: cadherins/impetigo/serine pro-
tease/Staphylococcus. J Invest Dermatol 121:383 ^389, 2003
I
mpetigo is the most common bacterial infection of children
and 30% of these impetigo patients have bullous impetigo,
which is caused by Staphylococcus aureus strains that produce
exfoliative toxins (ETs) (Ladhani et al, 1999). Staphylococcal
scalded skin syndrome is a generalized form of bullous im-
petigo in which patients, usually infants or young children, de-
velop bullae and erosions over a large area of the skin surface
due to the systemic circulation of ETs from a localized source of
infection. In the early 1970s, two serotypes of ETs (ETA and
ETB), were shown to produce blisters in the super¢cial epidermis
of neonatal mice by passive transfer. (Melish and Glasgow, 1970,
1971; Melish et al, 1972; Kondo et al, 1974). Subsequently, a third
ET (ETD), which also causes blisters in neonatal mice, was iso-
lated and characterized (Yamaguchi et al, 2002). Recently, it has
been shown that these ETs are serine proteases that speci¢cally
target and cleave desmoglein (Dsg) 1 (Amagai et al, 2000, 2002;
Yamaguchi et al, 2002). The exquisite speci¢city of this protease^
substrate interaction is underscored by the ¢nding of one unique
cleavage site caused by all ETs in both mouse and human Dsg1,
and the inability of ETs to cleave closely homologous proteins
such as Dsg3 and E-cadherin (Amagai et al, 2000; Hanakawa
et al, 2002).
Dsg1 is a member of the cadherin supergene family (Angst et al,
2001). These cadherins characteristically contain extracellular re-
peating domains of about 100 amino acids in length that are
highly conserved. Most cadherins are involved in calcium-depen-
dent cell^cell adhesion, and calcium is thought to be important
in maintaining their structure and function (Kemler et al, 1989;
Steinberg and McNutt, 1999).
Dsg1 is a member of the so-called desmosomal cadherin family
of molecules which includes desmogleins and desmocollins.
These molecules are critical to the proper function of desmo-
somes that maintain tissue integrity in epithelial and other tissues
(Green and Gaudry, 2000). The importance of these molecules in
maintaining adhesion in epithelial tissues has been demonstrated
by loss of adhesion with anti-desmoglein and anti-desmocollin
antibodies from patients with pemphigus, cell culture studies in
which these desmosomal cadherins confer cell^cell adhesion,
and loss of adhesion in mice with genetic deletions of genes en-
coding these molecules (Chitaev and Troyanovsky, 1997; Hashi-
moto et al, 1997; Koch et al, 1997a; Marcozzi et al, 1998; Mahoney
et al, 1999;Yasuda et al, 2000; Chidgey et al, 2001). As with classical
cadherins, calcium is critical to the function of desmosomal
cadherins, and the amino acid sequence of desmosomal and clas-
sical cadherins is highly conserved at the calcium-binding sites
(Garrod et al, 1996; Chitaev and Troyanovsky, 1997; Wallis et al,
2000; Syed et al, 2002). Therefore, like classical cadherins, calcium
is presumed to maintain the structure and function of desmoso-
mal cadherins.
ETs have been shown to attack Dsg1 precisely at one of its cal-
cium-binding domains. They hydrolyze the peptide bond just
after the glutamic acid at amino acid position 381 (as counted
from the initiating methionine of both mouse and human
Dsg1), between extracellular domains 3 and 4. By homology to
the recent crystal structure of C-cadherin this cleavage site is in
the third of four calcium-binding sites each of which binds three
calcium ions (Boggon et al, 2002). These sites are thought to ori-
ent rigidly each extracellular domain to the next to result in a
rod-like structure of the entire extracellular domain. Thus ETs
show exquisite speci¢city for a highly structured site in Dsg1.
This led us to ask whether this speci¢city resides only in the pri-
mary amino acid sequence of Dsg1 or in its conformation, and, if
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the latter, whether ETs conformational speci¢city was calcium
dependent.
MATERIALS AND METHODS
Recombinant ETs Recombinant wild-type ETA and ETB with a V5
and His tag on the carboxy-terminus (these tagged ETs will be
abbreviated ETA and ETB) were puri¢ed on Ni-NTA columns (Qiagen,
Valencia, California) according to the manufacturer’s protocol, then
dialyzed against phosphate-bu¡ered saline (Hanakawa et al, 2002). Protein
concentrations of ETA and ETB were estimated with a Protein Assay Kit
(Bio-Rad Laboratories, Hercules, California).
Production, pretreatment and ET cleavage of Dsg1 The entire
extracellular domain of human recombinant Dsg1 with a his and E-tag
(hDsg1E) on the carboxyl-terminus was produced as a secreted protein by
baculovirus as previously described (Ishii et al, 1997). Approximately, 10 nM
of hDsg1E in the culture supernatant of High Five (Ca2þ concentration of
6mM) was treated with various conditions then used for cleavage analysis
as follows: (1) hDsg1E was incubated at 4, 25, 56, and 801C for 1h, then
incubated with 3 mM ETA at 371C for 1h. (2) hDsg1E was dialyzed
against Tris-bu¡ered saline (TBS) with 1mM CaCl2 (TBSþCa
2þ ), then
the pH was adjusted to 4.0 and 4.5 by adding 0.1M acetic acid, pH 4.0 and
4.5, which was preadjusted with NaOH. pH was adjusted to 5.0 and 6.0 by
adding 0.1M MES (2-(N-Morpholino)ethanesulfonic acid) bu¡er, pH 5.0
and 6.0, which was preadjusted with NaOH. pH was adjusted to 7.4 with
0.1M Tris of pH 7.4. pH was adjusted to 10 with 0.1M NaOH. After
incubation at room temperature for 15 min, the solutions were dialyzed
against TBSþCa, then incubated with 3 mM ETA at 371C for 1h. (3)
hDsg1E in culture supernatant was dialyzed against TBSþCa2þ , then
treated with 5mM ethylenediamine tetraacetic acid (EDTA) at room
temperature for 1 h, then again dialyzed against TBSþCa2þ . As a
control, hDsg1E dialyzed against TBSþCa2þ without pretreatment with
EDTAwas used. Dialyzed hDsg1E was then incubated with 3 mM ETA or,
as controls, 3 mM porcine pancreas trypsin (Sigma, St Louis, Missouri) or
3 mM staphylococcus V8 protease (Roche Applied Science, Indianapolis,
Indiana) at 371C for 1h. (4) hDsg1E was dialyzed against TBS without
CaCl2 (TBSminusCa
2þ ), TBSþCa2þ or TBSminusCa
2þ followed by
TBSþCa2þ , then incubated with 3 mM ETA or ETB at 371C for 1 h. In
all the above four conditions, degradation of hDsg1E was assayed by
western blotting with anti-E-tag antibodies.
For £uorometry and circular dichroism analysis, hDsg1E was puri¢ed
from culture supernatant with an anti-E-tag column (Amersham
Biosciences, Piscataway, New Jersey) and eluted using 0.1mg per mL E-
tag peptide in TBSþCa2þ and 0.1% octylglucoside (Anatrace, Maumee,
Ohio). Eluant was dialyzed against TBSþCa2þ and 0.1% octylglucoside
for £uorometry, and water with 1mM CaCl2 for circular dichroism
analysis. The puri¢ed samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, then stained by Coomassie
Brilliant Blue, which showed one major band (Fig 1). Protein
concentrations of hDsg1E were estimated with a Protein Assay Kit (Bio-
Rad Laboratories).
Western blotting Proteins in Laemmli sample bu¡er were separated by
4 to 20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-
Rad Laboratories or Invitrogen Life Sciences, Carlsbad, California), then
transferred to nitrocellulose sheets (Transblot; Bio-Rad Laboratories). The
sheets were incubated for 1h in blocking bu¡er of 5% fat-free milk powder
in phosphate-bu¡ered saline. The E-tag antibody conjugated with
horseradish peroxidase (Amersham Biosciences), diluted in blocking
bu¡er, was applied for 1h at room temperature. After four washes with
0.1% Tween 20 in phosphate-bu¡ered saline, the signals were detected
with chemiluminescence (ECL or ECL plus, Amersham Biosciences).
Immuno£uorescent staining A pemphigus foliaceus (PF) patient’s
serum (PF982) was diluted to 1:1280 with TBSþCa2þ or with 2 nM
hDsg1E, which was puri¢ed on an anti-E tag column and dialyzed
against TBSminusCa
2þ or TBSþCa2þ , then incubated overnight at 41C.
These diluted sera were used for indirect immuno£uorescent staining of
cryostat sections of normal human skin. Epidermal bound human IgG
from the diluted pemphigus sera were detected with antihuman IgG
conjugated with Alexa 590 (Molecular Probes, Eugene, Oregon).
Enzyme-linked immunosorbent assay (ELISA) hDsg1E was
puri¢ed with the anti-E-tag column, then dialyzed against TBSþCa2þ
(hDsg1EþCa2þ ) or TBSminusCa
2þ (hDsg1EminusCa
2þ ). PF sera (n¼ 8),
normal human serum (n¼ 2), or bullous pemphigoid serum (n¼ 2) were
diluted into various concentrations of hDsg1EþCa2þ or
hDsg1EminusCa
2þ and incubated overnight at 41C.
For ELISA substrate, Ni-NTA HisSorb strips (Qiagen) were coated by
incubation with 2 nM hDsg1EþCa in TBSþCa2þ with 1% bovine
serum albumin, overnight at 41C. Normal, bullous pemphigoid, or PF
sera, adsorbed with hDsg1EþCa2þ or hDsg1EminusCa
2þ , were used as
the ¢rst antibody. Anti-human IgG conjugated with alkaline phosphatase
(DAKO, Carpinteria, CA) was used as the second antibody.The plates were
developed with AmpliQ kit (DAKO) according to the manufacturer’s
procedure and the OD at 490 nm was measured with an ELISA plate
reader.
Circular dichroism Circular dichroism measurements were performed
with an AVIV Model 202 spectrometer. Far-ultraviolet spectra from
200 nm to 250 nm were recorded of hDsg1E solution at 251C in a quartz
cell with a path length of 1mm. The analysis was of hDsg1E at a
concentration of 5 mM in water with 1mM CaCl2, pH approximately 6.0.
For the second spectrum EDTA was added to a ¢nal concentration of
5mM. Finally, the third analysis was taken following further addition of
excess Ca2þ (¢nal concentration 10mM CaCl2). Spectra were corrected
by subtraction of each corresponding solution, and data were normalized
and presented as mean molar residue ellipticity (deg cm2 per dmol) using
the calculation of:
½y ¼
ðCDvalue of protein CD value of bufferÞ
ð10conc in Mpath length in cm  # residuesÞ
Three independent preparations of hDsg1E, two in water and one in
phosphate-bu¡ered saline, pH 7.4, showed similar spectra.
Fluorometry Tryptophan £uorescence emission of hDsg1E was
measured with a QM-C60 £uorescence spectrophotometer (Photon
Technology, Lawrenceville, NJ) in the photon counting mode. The cell
holder was maintained at 251C. Excitation was at 295 nm, and intrinsic
£uorescence emission spectra were recorded from 305 to 405 nm at a rate
of 4 nm per s and at 1nm intervals. Excitation and emission slits were set to
give a 4 nm band pass, and the cuvette had a path length of 1cm.
Background spectra of bu¡er were subtracted from all hDsg1E spectra to
correct for the Raman £uorescence. In EDTA experiments, spectra of the
same hDsg1E were taken in the following sequence: (1) inTBSþCa2þ, (2)
following addition of EDTA to a ¢nal concentration of 5mM, then (3)
following further addition of excess Ca2þ (to 10mM CaCl2). In pH
experiments, spectra of the same hDsg1E were taken in the following
sequence: (1) in TBSþCa2þ , (2) following addition of 410^4M HCl to
yield a pH of 3.5, then (3) following further addition of 10mM Tris pH 7.4
to adjust the pH to 7.0.
Finally, spectra were taken at 1 and 13min after hDsg1E was directly
added to 8M urea in TBSþCa2þ .
Figure1. Puri¢ed hDsg1E. Puri¢ed hDsg1E were subjected to sodium
dodecyl sulfate^polyacrylamide gel electrophoresis, then stained by Coo-
massie Brilliant Blue, which showed one major band at 84 kDa.
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RESULTS
ETA does not cleave heat-denatured Dsg1 To determine, in
general, if the conformation might be important in Dsg1 cleavage
by ET, we analyzed if heating of Dsg1 a¡ects its proteolysis
(Fig 2A). Recombinant Dsg1E (extracellular domain of human
Dsg1 with an E-tag at the carboxy-terminus) produced by
baculovirus was treated at 4, 25, 56, or 801C for 1h, then
incubated with excess ETA at 371 for 1h. hDsg1E and its
degradation product were detected by western blotting with
anti-E-tag antibody. hDsg1E pretreated at 41, 251 or 371C was
cleaved by ETA to yield the characteristic 35 kDa degradation
product, but ETA was not able to cleave hDsg1E heated at 561
or 801C. In contrast, trypsin, a serine protease in the same family
as ETA, was able cleave hDsg1E after pretreatment at all
temperatures (data not shown). Trypsin and other related
proteases in this family (the chymotrypsin family) are sequence-
dependent proteases and can cleave denatured proteins. These
results suggest that heat may irreversibly change the
conformation of Dsg1, and ETA cleavage of Dsg1 may be
dependent on conformation, not just primary amino acid
sequence.
Dsg1 pretreated at low and high pH was not cleaved by
ETA We next determined whether changes in pH, which may
change the conformation of proteins, could a¡ect the
susceptibility of Dsg1 to proteolysis by ETA. hDsg1E was
treated at pH 4.0, 4.5, 5.0, 6.0, and 7.4 for 15min at room
temperature then dialyzed against TBSþCa2þ (pH 7.4) before
incubation with ETA. Subsequent western blotting with anti-E-
tag antibody indicated hDsg1E treated at pH 4.5 and below lost
its susceptibility to proteolysis by ETA (Fig 2B). hDsg1E treated
with high pH (pH 10 with NaOH) was also not cleaved by ETA
(data not shown). These data again indicate that Dsg1
susceptibility to cleavage by ETA is not simply speci¢ed by its
primary amino acid sequence, but is likely conformational
dependent. In addition, these ¢ndings imply that any changes
induced in conformation of Dsg1 by pH are not directly
reversible by reversing the pH back to 7.4, as con¢rmed below
by tryptophan £uorescence spectroscopy (Fig 6).
Ca2þ -depleted Dsg1 was not cleaved by ET and sequential
addition of Ca2þ did not reverse susceptibility to proteolysis
The Ca2þ binding in cadherins is mediated by acidic amino
acids, which have negative charge at neutral pH (Ringwald et al,
1987; Kemler et al, 1989; Ozawa et al, 1990; Nagar et al, 1996; Pertz
et al, 1999; Boggon et al, 2002). Therefore, low pH would be likely
to cause loss of Ca2þ binding, and this loss may partially explain
how low pH denatures Dsg1. To investigate directly whether
proteolysis of Dsg1 by ET is dependent on the Ca2þ -stabilized
structure of Dsg1, we incubated hDsg1E with EDTA, and then
dialyzed it against TBS þ Ca2þ before incubation with ETA
(Fig 3A). As controls for ETA we used trypsin and staphylo-
coccus V8 protease, which are well-characterized sequence-
speci¢c serine proteases in the same family (chymotrypsin
family) as ETA. hDsg1E not treated with EDTAwas cleaved by
ETA to yield the characteristic carboxy-terminal 35 kDa
degradation product. Trypsin and V8 protease also digested
Dsg1, but, as expected, no degradation product was visible on
western blotting, because the substrate is digested into small
peptides or alternatively, it is possible that these proteases cleaved
o¡ the E-tag. EDTA did not block hDsg1E digestion by
trypsin and V8 protease, but did inhibit cleavage by ETA,
even after Ca2þ was added back. Similarly, ethyleneglycol-bis-
(b-aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA)-treated
Dsg1was no longer susceptible to degradation by ETA (data not
shown). Finally, as with ETA, ETB could not cleave EDTA or
EGTA-treated Dsg1 even after Ca2þ was added back (data not
shown).
We then determined whether dialysis alone, without a chelating
reagent, could a¡ect the susceptibility of Dsg1 to proteolysis by
ETs (Fig 3B).When hDsg1E was dialyzed against TBSminusCa
2þ ,
it was not cleaved by ETA or ETB. When hDsg1E was
TBSminusCa
2þ and sequentially dialyzed against TBSþCa2þ , it
was still mostly resistant to degradation by ETA and ETB,
although a slight amount of cleavage was observed. hDsg1E
dialyzed against TBS with 1mM MgCl2 and TBS with 1mM
ZnCl2 was not cleaved by ETA and ETB (data not shown).
These results indicate that the cleavage of Dsg1 by ET is
dependent on a Ca2þ^Dsg1 interaction, and once Ca2þ is
removed, Dsg1 loss of susceptibility to cleavage is almost
completely irreversible. These data, combined with the known
Ca2þ -dependent conformation of cadherins, suggest that
depletion of Ca2þ cause at least partial denaturation of Dsg1 that
is not totally reversible once Ca2þ is restored. Combined with the
loss of susceptibility to proteolysis by ET after heat and pH
changes, these data suggest that the exquisite speci¢city of ET for
Dsg1 is dependent on the conformation of Dsg1 that is stabilized
by Ca2þ .
Change in conformation of Dsg1 with loss of Ca2þ
demonstrated by PF autoantibodies and ELISA assay To
investigate Ca2þ -dependent changes in conformation of Dsg1,
we measured its reactivity with PF sera, as it has been shown
that most antibodies from PF sera bind conformational epitopes
on Dsg1 (Koulu et al, 1984; Stanley et al, 1986; Eyre and Stanley,
1987; Amagai et al, 1995a, b; Kowalczyk et al, 1995) (Fig 4A). IgG
in PF sera bind the cell surface of keratinocytes throughout the
epidermis as determined by indirect immuno£uorescence.
hDsg1E stabilized with Ca2þ was able to adsorb anti-
Figure 2. The e¡ect of heat and pH on Dsg1 susceptibility to clea-
vage by ETA. (A) After incubation at 41C, 251C, 371C, 561C, and 801C
for 1 h, hDsg1E was incubated with ETA for 1h at 371C.Western blotting
with anti-E-tag antibodies showed that hDsg1E preincubated at 561C and
801C were not cleaved by ETA. (B) After treatment with pH 4.0, 4.5, 5.0,
6.0, and 7.4, hDsg1E was dialyzed against TBSþCa2þ (pH 7.4) and incu-
bated with ETA for 1h. at 371C.Western blotting with anti-E-tag antibody
showed that hDsg1E pretreated at pH 6.0 and 7.4 was cleaved by ETA but
pretreatment at pH 4.0 and 4.5, inhibited almost all cleavage. hDsg1E pre-
treated at pH 5.0 showed partial cleavage.
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keratinocyte antibodies from PF sera; however, strikingly, in
contrast, hDsg1E dialyzed against TBSminusCa
2þ did not adsorb
most of these cell-surface reactive antibodies.
To semiquantitate these ¢ndings, we performed ELISA assays
on Dsg1 using PF sera adsorbed with hDsg1EþCa2þ or
Dsg1EminusCa
2þ (Fig 4B). Normal human serum (n¼ 2) and
bullous pemphigoid serum (n¼ 2) showed background reactivity
to Dsg1 and pretreatment with Dsg1EminusCa
2þ or Dsg1Eþ
Ca2þ did not cause a signi¢cant change in their reactivity. On
the other hand, PF sera adsorbed with hDsg1EminusCa
2þ
showed high reactivity with Dsg1 that was mostly, although not
entirely in some sera, adsorbed with hDsg1EþCa2þ . These data
show that Dsg1 undergoes a major conformational change when
Ca2þ is removed, and that this change removes most of the
epitopes that bind anti-Dsg1 autoantibodies in PF sera.
Analysis of the Ca2þ -dependent conformation of Dsg1 by
circular dichroism and tryptophan £uorometry To
investigate the Ca2þ -dependent change in conformation of
Dsg1 and its potential reversibility more directly, we performed
circular dichroism and tryptophan £uorometry, two techniques
that measure parameters dependent on a molecule’s conformation.
In circular dichroism (Fig 5), the spectrum of hDsg1E in 1mM
CaCl2 showed a minimum of 8.3510
3 deg cm2 per dmol at
215nm. The shape of the spectrum suggested the predominance of
b sheets, consistent with the crystal structure of the ectodomains of
cadherins (Shapiro et al, 1995; Nagar et al, 1996; Tamura et al, 1998;
Pertz et al, 1999; Boggon et al, 2002). After Ca2þ depletion with
EDTA, a decrease of amplitude with a left shift of the minimum
was observed, as has been shown for E-cadherin (Pokutta et al,
1994). This change is consistent with a gross change in the structure
of Dsg1 after removal of Ca2þ . Subsequent addition of Ca2þ in
excess of EDTA did not return the spectrum to that of the Ca2þ -
stabilized structure. Thus, the conformational change was for the
most part irreversible.
Tryptophan £uorometry of Dsg1 was measured in various
conditions (Fig 6). The upper graph in Fig 6 shows hDsg1E in
TBSþCa2þ (blue line), hDsg1E with 5mM EDTA (red line), and
hDsg1Ewith 5mM EDTA and sequential addition of 10mMCaCl2
(green line). After addition of EDTA Dsg1E showed decreased
intensity of £uorescence and this change was not reversed when
Ca2þ was added back. These three curves, however, showed the
same wavelength, 335nm, of maximum emission, which suggest
that hDsg1E is not completely denatured with EDTA, because
completely denatured molecules usually have tryptophan exposed
to water with a maximum emission at approximately 355 nm. In
control experiments with tryptophan in TBSþCa2þ , the addition
of 5mM EDTA and sequential addition of 10mM CaCl2 did not
signi¢cantly change the £uorescent spectrum, suggesting that there
was no quenching e¡ect from EDTA or excess Ca2þ (data not
shown). The middle graph of Fig 6 shows hDsg1E in TBSþ
Ca2þ , pH 7.4 (blue line), Dsg1E in pH 3.5 (red line), and Dsg1E
pretreated at pH 3.5 then neutralized to pH 7.0 (green line). In
pH 3.5, Dsg1E showed decreased intensity of £uorescence and
this change was not reversed with pH 7.4. Again, these three curves
showed maximum emission at the same wavelength, approximately
335 nm, with striking resemblance to the tryptophan £uorescence
spectra of hDsg1E treated with EDTA, suggesting the major e¡ect
of pH on conformation of Dsg1 may be mediated through loss of
binding of Ca2þ , and that this e¡ect is not reversible.
To show that both EDTA and low pH do not fully denature
hDsg1E, we incubated it in 8M urea (Fig 6, bottom graph). After
1 min, hDsg1E still showed little change compared with the
molecule stabilized with Ca2þ . After 13min, however, the spect-
rum showed a shift of the £uorescence peak to 347 nm (black line),
consistent with more unfolding and exposure of tryptophan
residues to water.
These data suggest that depletion of Ca2þ causes a mostly
irreversible change in the conformation of Dsg1, but does not
completely denature the molecule.
DISCUSSION
ETs show exquisite speci¢city for Dsg1. In neonatal mice and in
the human disease, staphylococcal scalded skin syndrome, they
circulate through the entire body, yet their major pathology is
limited to the super¢cial epidermis, and this pathology is caused,
as far as we know, by their proteolysis of only one peptide bond
in one molecule, Dsg1. The crystal structure of ETA and ETB
suggests that they are serine proteases that would cleave after a
glutamic or aspartic amino acid (Cavarelli et al, 1997; Vath et al,
1997, 1999; Papageorgiou et al, 2000). Yet clearly ETs do not indis-
criminately cleave substrates after these residues.We have shown
that part of their speci¢city is contained in their ability to bind
Dsg1 (Hanakawa et al, 2002). What accounts for this extremely
focused speci¢city of binding and cleavage, however, has not
been determined. In this study we show that this speci¢city is
dependent on the calcium-stabilized conformation of Dsg1.
Figure 3. Loss of Ca2þ renders Dsg1 resistant to cleavage by ETA
and ETB even after Ca2þ is added back. (A) hDsg1E was pretreated
with bu¡er or EDTA, then dialyzed against TBSþCa before incubation
with ETA, trypsin, or staphylococcus V8 protease.Western blotting with
anti-E-tag antibody showed that hDsg1E was not degraded by ETA if it
was pretreated with EDTA, but was degraded by the other proteases. (B)
Before incubation with ETA or ETB, hDsg1E was sequentially dialyzed
against TBSminusCa
2þ then again against TBSminusCa
2þ ; TBSminusCa
2þ
then against TBSþCa2þ ; and TBSþCa2þ then again against
TBSþCa2þ . Dsg1 dialyzed against TBSminusCa
2þ was not cleaved, Dsg1
dialyzed against TBSminusCa
2þ then TBSþCa2þ was only slightly
cleaved, compared with hDsg1E dialyzed against TBSþCa2þ , which was
fully cleaved.
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The crystal structure of the extracellular domain of classical
cadherins suggests that it forms a curved rod-like structure com-
posed of the ¢ve extracellular subdomains that are stabilized by
calcium-binding between these subdomains (Shapiro et al, 1995;
Nagar et al, 1996; Tamura et al, 1998; Pertz et al, 1999; Boggon et al,
2002). The marked amino acid sequence homology of desmogle-
ins and classical cadherins, including that of the calcium-binding
domains, suggests that Dsg1, like these other cadherins, has a con-
formation stabilized by calcium.We con¢rmed this hypothesis by
circular dichroism and tryptophan £uorometry. In the former, we
showed a change in the conformation of the extracellular domain
of Dsg1when calcium was depleted, with a more negative ellip-
ticity. This change was similar to that reported with the extracel-
lular domain of E-cadherin as well as extracellular domains 1 and
2 of E-cadherin and Dsg2 (Pokutta et al, 1994; Koch et al, 1997b;
Syed et al, 2002). Similarly, we showed a change in conformation
of Dsg1 with tryptophan £uorescence, with a somewhat
quenched £uorescence without a shift in peak £uorescence spec-
trum, when calcium was depleted. A similar ¢nding has been re-
ported for E-cadherin (Pokutta et al, 1994). Complete unfolding
in the absence of calcium was not observed, however, as shown
by the ¢nding that urea induced a positive shift of the spectral
peak, which indicates unfolding with more exposure of trypto-
phans to solvent. A similar shift with urea has been reported for
Dsg2 (Syed et al, 2002).
As ETs cut in a calcium-binding domain of Dsg1, we hypothe-
sized that the binding and cleavage of ETs might be dependent
on the calcium-dependent structure of Dsg1.We con¢rmed this
hypothesis by showing that heat and pH denaturation of Dsg1
prevented its cleavage by ETs as did the absence of calcium. Inter-
estingly, the loss of susceptibility to proteolysis by ETs was
mostly irreversible with calcium repletion, suggesting that the
change in structure of Dsg1 induced by calcium depletion was
not easily reversible simply by adding back calcium. This result
is consistent with our circular dichroism and tryptophan £uores-
cence data. Unlike previous studies with E-cadherin and Dsg2
that suggest the change in conformation with calcium depletion
is reversible when calcium is repleted (Pokutta et al, 1994; Koch
et al, 1997b; Syed et al, 2002), our studies indicated that the con-
formational change was not totally reversible. Although the ex-
planation for this discrepancy is not clear, it may reside in
Figure 4. Indirect immuno£uor-
escence staining and anti-Dsg1
ELISA of PF serum adsorbed with
hDsg1EminusCa
2þ or hDsg1Eþ
Ca2þ. (A) PF serum was incubated
with hDsg1E in TBSþCa2þ or in
TBSminusCa
2þ , then used for indir-
ect immuno-£uorescence staining of
normal human skin. hDsgþCa2þ
adsorbed out cell surface antibodies,
but hDsg1minusCa
2þ did not. (B)
Normal human sera, bullous pem-
phigoid patients’ sera, and PF pa-
tients’ sera were pretreated with
hDsg1E qin TBSþCa2þ or hDsg1E
in TBSminusCa
2þ , then used for
ELISA assay against Dsg1. hDsg1E
þCa2þ showed signi¢cant in-
creased adsorption compared with
hDsg1EminusCa
2þ .
Figure 5. The spectrum of hDsg1E by circular dichroism with and
without Ca2þ. The spectrum of hDsg1E in H2O with 1mM CaCl2
(square), after treatment with 5mM EDTA (triangle), then after adding
back 10mM CaCl2 (diamond). EDTA resulted in a shift of the minimum
ellipticity from approximately 215 nm to approximately 212 nm, with in-
creased negativity. This change was not reversed when excess Ca2þ was
added back.
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inherent di¡erences in Dsg1 compared with E-cadherin and
Dsg2. In addition, our results showing that the ability of ETs to
cleave Dsg1, which is lost with calcium depletion, is not regained
with calcium repletion, are consistent with our spectroscopic
¢ndings that the conformation of Dsg1 is not restored. In the ab-
sence of calcium, Dsg1 may unfold or refold in such a way that
new hydrophilic and hydrophobic interactions occur that are ki-
netically stable and not easily reversible with repletion of cal-
cium.
The fact that ETs only cleave Dsg1 in its calcium-stabilized
structure implies a very speci¢c conformation interaction of
ETs with Dsg1. This is of particular interest in light of several re-
ported crystal structures of ETA and ETB fromwhich it has been
proposed that a speci¢c substrate must interact with it in such a
way that a particular peptide bond is rotated 1801 in order to
form properly the catalytic site (Cavarelli et al, 1997; Vath et al,
1997, 1999). The data presented here suggest that the speci¢city of
ETs for Dsg1 in its calcium-stabilized conformation may allow a
very speci¢c ¢t, which could in turn result in a change in confor-
mation of ETs and/or the correct alignment of ETs with its spe-
ci¢c cleavage site.
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